• The dog heart-lung preparation has occupied an important place among the many experimental approaches to the problem of the genesis of heart failure. It is well suited for testing the competence of the heart under various types of imposed work loads. It is interesting, however, that the efficiency of oxidative phosphorylation in the myocardium of the failing dog heart-lung preparation has been directly measured only by Brody, et al. 1 They reported no change in the oxidative phosphorylating capacity of the heart mitochondria during failure induced by barbiturates.
In this paper, we present data obtained from a series of experiments with the dog heart-lung preparation in which failure has been induced by altering the Starling resistance or the venous inflow level in order to increase the work load on the heart. The results show that, under the conditions of failure to be described, there is a decreased efficiency of the oxidative phosphorylating mechanism of the myocardial mitochondria as measured by the P:O ratios.
Methods

HEART-LUNG PREPARATIONS
Healthy mongrel dogs of either sex, weighing 10 to 14 kg, were anesthetized with 30 mg/kg of pentobarbital sodium. The classical Patterson-Starling method as modified by Krayer and Mendez 2 was employed. A Stolnikov stromuhr as described by Anrep 
A) Whole Animal Control Preparations
Five healthy dogs were anesthetized with 30 mg/kg of pentobarbital sodium. After tracheal cannulation, each animal was maintained on artificial respiration for a period of 15 minutes. The chest was then opened in the midline, the pericardium incised, the heart removed and placed in ice.
B) Heart-Lung Control Preparation!
Three preparations were completely set up and allowed to function for 15 minutes with the Starling resistance set at 80 mm Hg, the level of blood in the venous reservoir 120 mm above the opening of the cannula in the superior vena cava, and a cardiac output of 500 to 600 cc/min before the heart was removed and placed in ice. In two other preparations, the procedure of setting up the heart-lung preparation was performed to, and including, cannulation of the brachiocephalic artery. The heart was then allowed to pump out the remaining blood against a Starling resistance set at 80 mm Hg. When only a few cc of blood were ejected at each systole, the heart was removed and placed in ice.
C) Spontaneously Failing Heart-Lung Preparations
At the beginning of each of these experiments, the Starling resistance was set uniformly at 80 mm Hg and the level of the blood in the venous reservoir was set 120 mm above the position of the venous inflow cannula in the superior vena cava. The beginning cardiac output was 500 to 600 cc/min. These conditions simulate those used by Wollenberger. 4
D) Pressure Loaded Failing Heart-Lung Preparations
These were prepared as in C) with Starling Circulation Rattrcb, Vol. XVI, April 196) 392 PROCITA, SCHWARTZ, LEE resistance and venous reservoir blood level fixed at standard initial values as described above. After the cardiac output had stabilized at the 500 to 600 cc/min range for fifteen minutes, the Starling resistance was increased to values shown in table 3 below. The preparation was then allowed to function until failure occurred.
E) Vanoui Loaded Foiling Heort-Lung Preparation!
Preparations were set up as described above, with Starling resistance and venous reservoir level set at initial values as in D). The cardiac output was allowed to stabilize at the 500 to 600 cc/min range and then the venous reservoir was raised to the values shown in table 4 below.
As failure supervened in each experiment, with a decline in cardiac output, the blood level in the venous reservoir would also decline due to the reduced venous return. As this occurred, the venous reservoir was continuously adjusted to the predetermined level for each particular experiment.
A decline in the cardiac output to approximately 50% of the initial output was our criterion for failure in the experiments described above. We have not formally utilized a reduced competence index 4 as a criterion of failure, because Price and Helrich 5 have cast doubt on the underlying assumption for its use, namely, that it is a function linearly related to the mechanical ability of the heart.
MEASUREMENT OF P:O RATIOS IN MITOCHONDRIA
Mitochondria obtained from the control and experimental preparations were prepared in 0.25 M sucrose containing 0.001 M ethylenediamine-tetraacetic acid (EDTA) at pH 7.4. The efficiency of oxidative phosphorylation of the mitochondria was determined by measuring the P:O ratio as previously described by Lee, et al.° The medium consisted of 60 fxmo\es phosphate buffer at pH 7.2, 20 /Mtnoles of substrate (glutamate), 10 ^imoles MgCl 2 , 0.05 ^imoles cytochrome C, 36 yuxnoles NaF, 7 ^.moles ATP, 168 ^imoles glucose, 0.2 ml of hexokinase, and 0.5 ml of mitochondrial suspension in a total volume of 3.2 ml. Care was taken to insure that all of the Warburg flasks contained the same quantity of mitochondria. The protein content of each flask was checked at the end of each experiment by the method of Sobel, et al. 8 Inorganic phosphate was measured by the method of Fiske and SubbaRow. 7 Table 1 presents data obtained with mitochondria from the hearts of intact anesthetized animals and from hearts of the control heartlung preparations. These data indicate that there is no significant difference in the oxidative phosphorylating efficiency of the mitochondria of the two groups. In view of this, the mitochondria from the failing heart-lung preparations were compared to the heart-lung control mitochondria rather than to the mitochondria obtained from the intact animal group. Tables 2 and 3 present the data on the P:O ratios obtained from the mitochondria of those heart-lung preparations which were failing either spontaneously or as a result of pressure loading. In both types of failure there is a statistically significant depression of the mitochondria] phosphorylating efficiency as indicated by the low P:O ratios when these are compared to the control heart-lung mitochondrial preparations. There is definitive evidence here of an uncoupling of oxidative phosphory lation. Table 4 reveals that there is no significant difference between the P:O ratios of the control heart-lung mitochondrial preparations and the P:O ratios of mitochondria obtained from the heart-lung preparations failing as a result of venous loading.
Results
Discussion
Studies by Wollenberger 4 and Brody, et al., 1 both utilizing the dog heart-lung preparation, are often cited as evidence for the commonly accepted hypothesis that in failure of this preparation there is an ineffectual utilization of energy sources by the contractile elements rather than an impairment in the source or sources of the liberated energy. WoIIenberger's conclusions were based on observations that the levels of phosphocreatine (PC) and of ATP found in the hearts of his spontaneously failing preparations, and of the hearts with failure induced by a variety of depressant drugs, were comparable to the levels of PC and ATP in control hearts. Brody, et al. drew their conclusions from their study of pentobarbital-induced failure in which the P:O ratios of mitochondria exhibited no significant differences from control hearts. We cannot compare our data directly with that of Brody, et al. because their paper contains no figures for the Starling resistance, venous pressure levels, or cardiac output. Secondly, their control values for the P:O ratios are lower than ours; consequently, their experimental results during failure may not adequately reflect any changes in the activity of their mitochondrial preparations. Lastly, an inspection of their data reveals that the P:O ratios of their control preparations are lower than the P:O ratios of their mitochondrial preparations from failing hearts.
In considering Wollenberger's 4 interpretation that absence of significant depression in the levels of CP or ATP indicated unchanged mitochondrial activity, and consequently of energy generation, we can only note that this is not a strictly valid inference. Schwartz and Lee 9 have shown that normal levels of PC and ATP can exist in the presence of a reduced rate of energy liberation and/or storage if the rate of energy utilization is also decreased. We also wish to emphasize that the use of pentobarbital, or other drugs, to induce failure, as was done by Wollenberger 4 and Brody, et al. 1 does not differentiate clearly whether energy generation or energy utilization is impaired. Furchgott and Lee 10 have noted that the negative inotropic effect of such drugs may be produced through some mechanism other than the energy liberating process. The discrepancy between our results and those of previous workers in this area may, indeed, be ascribed to differences in the method of inducing failure in the heart-lung preparation.
Our data appear to be more consistent with other work of Wollenberger 11 in which he showed that in failure induced by pressureloading in the dog heart-lung preparation there occurred a significant decrease in the labile phosphate fractions. With venous inflow-loading, on the other hand, there was only a minor decrease in the labile phosphate fractions. Although no measurements of phosphorylated intermediates were made in our study, it is a plausible inference that uncoupled mitochondria found in our failing preparations due to pressure-loading, could result in low CP or ATP levels.
The data presented here are also more consistent with evidence that has been obtained in heart failure produced in other types of animal Orcmlttiom Riurcb, Vol. XVI, April 1965 preparations. Wollenberger' 2 ' IS has found that a diminished metabolic reserve due to structurally deficient mitochondria can be implicated in the chronically hypertrophied dog heart prior to the time that signs of overt failure appear. We agree also with Schwartz and Lee 14 who demonstrated that the oxidative phosphorylating capacity of mitochondria is clearly depressed in failing guinea pig hearts following acute and chronic aortic constriction. Finally, our data appear to be consistent with the findings of Szekeres and Schein 15 that mitochondria of the volume-loaded rat heart in situ are uncoupled.
Summary
Utilizing dog heart-lung preparations mitochondria were obtained from control preparations and from hearts failing spontaneously, or as a result of pressure-loading or venous inflow-loading. The mitochondria were compared with respect to their oxidative phosphorylating capacity. The data on the P:O ratios indicate that there is an uncoupling of oxidative phosphorylation in the mitochondria from hearts in spontaneous failure, and in the mitochondria of hearts failing as a result of pressure-loading. In the case of failure due to venous inflow-loading of the heart the mitochondrial P:O ratios are within the control range. The data definitely support the conclusion that in certain types of failure in the dog heart-lung preparation the energy generating or liberating mechanisms may be impaired. This conclusion is contrary to that in the literature based on measurements of highenergy compounds and oxygen consumption, namely, that energy liberation, including transfer of oxidative energy in the form useful for contraction, is not impaired in the failing heart.
